ABSTRACT: Larvae of the spider crab Hyas araneus were reared in the laboratory at constant conditions (12 ~ 32 %oS), and their feeding rate (F), oxygen consumption (R), nitrogen excretion (U), and growth were measured in regular intervals of time during development from hatching to metamorphosis. Growth was measured as dry weight (W), carbon (C), nitrogen (AT), hydrogen (H) protein, and lipid. All these physiological and biochemical traits revealed significant changes both from instar to instar and during individual larval moult cycles. Average F was low in the zoea I, reached a maximum in the zoea II, and decreased again in the megalopa. In the zoeai instars, it showed a bell-shaped pattern, with a maximum in the middle (zoea I) or during the first half of the moult cycle (zoea II). Maximum F in the megalopa was observed still earlier, during postmoult.
INTRODUCTION
In the past two decades, an increasing number of investigators studied developmental changes of physiological or biochemical traits in larval decapod crustaceans reared under constant environmental conditions in the laboratory. Most of these studies considered only one or a few isolated bioenergetic aspects such as larval food consumption, respiration, or growth rate (e.g, Emmerson, 1980; Paul & Nunes, 1983; Dawirs & Dietrich, 1986; Anger, 1987) . In a few papers, more or less complete budgets were presented that described the uptake and partitioning of nutritional energy or materials (Mootz & Epifanio, 1974; Logan & Epifanio, 1978; Levine & Sulkin, 1979; Johns, 1982; Dawirs, i983) . These investigations, however, had in general a low temporal (i.e. developmental) resolution and, thus, did not describe in detail bioenergetic changes during individual larval moulting cycles. A more comprehensive study (Sasaki et al., 1986 ) deals with changes in physiology and biochemistry during larval development, including changes during single moult cycles, in one of the best studied decapod models:
the American lobster (Homarus americanus).
The present study attempts to combine comprehensiveness with a high temporal resolution, using one of the most suitable brachyuran model systems available for such studies, the spider crab Hyas araneus. Feeding, respiration, nitrogen excretion, and growth, the latter in terms of elemental (CHN) and proximate biochemical composition (protein, lipid) were studied, and results from investigations published in the past decade on this species were summarized. This review of older data will provide information on the degree of variation in larval growth rate and chemical composition, and the data are used to quantify relationships between single components of growth (e.g. dry weight and carbon, or nitrogen and protein). The present data set (mostly obtained from larvae originating from the same hatch) will be used as a basis for a simulation model, quantifying and illustrating patterns of change in energy partitioning during larval development, and it will allow the construction of complete budgets of carbon and nitrogen (in preparation).
MATERIALS AND METHODS
Hyas araneus L. larvae were obtained from ovigerous females colIected near Helgoland (North Sea) and mass-reared in the laboratory at constant 12 ~ ca 32 %oS. Freshly hatched Artemia sp. (San Francisco Bay Brand TM) nauplii were given as food, and seawater and food were changed every second day (for details see Anger et al., 1983) . The same standard conditions were used also in all physiological experiments (see below).
Experiment A This experiment comprised simultaneous measurements (in larvae from the same hatch) of growth (dry weight, W; carbon, C; nitrogen, N; hydrogen, H; protein), respiration (R), nitrogen excretion (U), ecdysteroid levels, activity of digestive enzymes, and accumulation of age pigments (lipofuscin). The latter three aspects have akeady been published separately (Spindler & Anger, 1986; Hirche & Anger, 1987a , b}. The R, U, and growth data from this experiment constitute the principal basis for budgets of energy, C, and N (see above). Therefore, exclusively this experiment will be documented in some detail in the present paper, whereas results from the following ones serve as complementar,/information only, in particular on ingestion rates and biochemical composition of H.
araneus larvae.
Mr, C, N, and Hwere measured in regular intervals (20 time points during development), with 12 to 13 replicate samples. The samples were treated as described in detail by Anger & Dawirs (1982) and Anger et al. (1983) and analysed, applying a Mettler UM3 microbalance and a Carlo Erba Science 1106 Elemental Analyzer. Energy content (B) was estimated from C (Salonen et al., 1976) . This experiment comprised a total of 249 determinations of W and CHN, with 465 individuals analysed.
Protein measurements (3 to 5 replicates) were carried out in parallel samples after Lowry et al. (1951) with bovine serum albumin (Serva 11930) as a standard.
Respiration was measured in closed bottles (ca 60 cm 3) with a Wink/er technique (Grasshoff, 1976) following the experimental design by . Each respiration measurement comprised 8 replicate experiments (according to larva] size, with 3 to 10 larvae in each bottle) and 4 replicate blanks (without larvae). The incubation time was ca 15 h. Parallel to oxygen consumption, ammonia excretion was measured under identical conditions. The analytical procedure followed Solarzano (1969) . Moult staging of the larvae was carded out using microscopical techniques (Anger, 1983 ) and the classification system proposed by Drach (1939) .
Experiment B
The second experiment (larvae from another hatch) comprised simultaneous measurements of growth (as in Experiment A, but additionally with parallel lipid determinations) and ingestion rate. It comprised 22 sampling points during larval development, with 183 determinations of W and CHN, and 429 larvae analysed. Total lipids were measured photometrically in 3 to 5 replicates with a Me~ckotest | reagent kit (Merck, Darmstadt), utilizing the sulfophosphovanillin reaction (Z611ner & Kirsch, 1962) .
Ingestion rates were determined daily in 20 individual larvae given freshly hatched Artemia sp. nauplii as food, following in general the procedures described by Anger & Dietrich (1984) . Quantitative image analysis, however, had to be replaced in the present study by a manual method: microscopical counting of the number of nauplii before and after a 24 h incubation period. In order to determine food biomass, brine shrimp nauplii were collected on Whatman (grade GF/C) glass fibre filters, immediately before and after an incubation period (10 replicates per measurement, with 200 nauplii in each) and analysed for W, C, N, and H. Average values (representing the middle of the incubation time) were taken as conversion factors to express ingestion rates in terms of W, CHNor E. Since larval development and growth rates were similar to those in Experiment A, the ingestion rates measured in Experiment B were considered representative of Hyas araneus larvae and will therefore be used, together with growth, respiration, and excretion data from Experiment A, in the construction of complete budgets of energy and matter (see above).
Experiment C
Simultaneously measured growth data (IV, CHN, protein) from this experiment (conducted with larvae from a third hatch) are used in the present paper as a supplementary material. These growth measurements accompanied simultaneous investigations of nucleic acids (DNA, RNA) that will be pubhshed elsewhere (Hirche & Ange r, in prep.) . In this experiment, Wand CHNwere measured at 24 samphng points, in 192 analyses with 400 larvae.
Besides the results of these three new experiments, original growth data ( W, CHN, in part also lipid and protein} from previous pubhcations by our working group are used again in the present paper, in order to show variation among different hatches in Hyas araneus larvae, and to quantify relationships between these different measures of growth. Two of these previous papers {Anger & Dawirs, I982; give, in different contexts, complete series of growth measurements conducted with high temporal resolution during the complete larval development of this species. Furthermore, chemical data were taken from the following studies: Anger et al. (1983) , Kunisch & Anger (1984}, Hirche & Anger (1987a}, Hirche & Anger (in prep) .
RESULTS

Feeding rate (F)
Feeding rate {measured exclusively in Experiment B) varied greatly, not only between subsequent larval instars and during individual moult cycles (Fig. 1} , but also from day to day and among replicate experiments (i.e. among 20 sibling larVae with identical age, treatment, etc.). Standard deviation of rephcates {not shown in Fig. 1 ) usually amounted to __ 10 to 20 % of the mean values. In spite of high individual and daily variability, the high temporal resolution of the experiment (53 subsequent daily measurements) allows us to discern some clear trends. The overall level of Fwas low in the zoea I, maximum in the beginning of the zoea II; then it showed a decreasing trend throughout the rest of larval development (Fig. la) .
Feeding rates are given in Figure i in terms of numbers of Artemia nauphi consumed per day per larva, These, figures can be converted easily to dry weight, carbon, nitrogen, or energy values, by multiphcation with the average values given in Table 1 .
When variation of ingestion rate is considered separately in each larval moult cycle, distinct patterns may be recognized in subsequent instars. Maximum Pwas found in the middle of the zoea I, during the first half of the zoea II, and in the beginning of the megalopa moult cycle, i.e. the maximum shifted during larval development from early premoult, through intermoult, and eventually to the postmoult stages (Figs lb-d) . The parabola shaped feeding curves in the zoea t instars can be described by quadratic polynomial equations: Y = Yo + ax-bx2 Eq. (1) y is here F; x is time of development (t in days); Yo (an estimate of the initial y value), a, b are fitted constants.
The variation pattern of feeding in the megalopa can be fitted better with an exponential type of equation: The corresponding regression equations and correlation coefficients are given in
Figs lb-d and Table 3 .
Respiration [R)
The patterns of change in individual respiration (values: see Table 2 ) during larval development are depicted in Fig. 2 . R increased in both zoeal instars as a hnear function of time: o E 20-9 - y is here R (in #g 02 h -1 individual-i), x is time (t in days), and Yo and a are fitted constants (cf. Eq. 1).
In the megalopa instar, R revealed a sinusoidaI pattern that can be described best by a third order polynomial equation:
Y= Yo-ax+ bx 2-cx 3
Eq. (4) The parameters are defined here as in Eq. (3). All fitted regression parameters (2"0, a, b, c) describing R as function of t are compiled in Table 3 . Average R increased significantly from instar to instar (Fig. 2) . Weight-specific respiration rate (QO2, dry weight-based) was maximum in early postmoult of each larval instar, and it was almost constantly low during the intermoult and premoult stages of the moult cycles (Fig. 2) . On the average, there was a decreasing tendency in Q02 during development from the first to the last larval instar.
Nitrogen excretion (U)
Excretion rates (Table 2) increased during the initial phase of each moult cycle, reached maxima approximately in the early or intermediate premoult stages, then they decreased prior to ecdysis (Fig. 2) . The average level of Uincreased, as in R, from the first to the last larval instar. The variation patterns within the single moult cycles can be described by quadratic regression equations (type: Eq. 1). The fitted parameters are given in Table 3 .
Weight-specific excretion rates (in gg ammonia nitrogen per mg dry weight) showed in principal similar patterns of variation as U, but with a slightly decreasing tendency from instar to instar (Fig. 2) .
Atomic O/N ratio (Fig. 2) . The atomic O/N ratio indicates in all larval instars a mixed metabolic substrate, with a clear dominance of protein catabolism throughout major portions (intennoult, early premoult) of each moult cycle, and, increasingly, toward the end of larval development.
Growth patterns
The patterns of biomass increase (values measured in Experiment A are given in Table 2 ) were mostly the same as in earlier investigations. Dry weight (W), carbon (C), and nitrogen (N) are shown as examples in Figure 3 . Changes in W, C, N, H, and energy content (E) per individual were, in the zoeal instars, usually described by a power function (Anger & Dawirs, 1982; :
Eq. (5) yis here W, C, N, H, or E; xis time of development (t, in days), and Yo and a are fitted constants. Reexamination of all complete data series available (see "Materials and Methods" section), however, revealed that the increase in N during the zoea I instar follows in most of these cases a linear (Eq. 3) rather than a-parabolic pattern (Eq. 5). This applies also to the data from Experiment A (see Table 3 ).
Megalopa growth has been found in all previous studies on Hyas araneus larvae to follow a parabola shaped pattern (Fig. 3 ) that may be described by quadratic equations (Eq. 1; cf. Anger & Dawirs, 1982; . The same pattern was found also in the present study (Experiment A; see Table 3 ). Figure 3 shows the variation in larvae from different hatches studied during the past decade. It can be seen that the degree of variability increases during larval development, and it is in general greater in W and C than in N. The carbon content of intermoult megalopa originating from different hatches but reared under identical conditions (constant 12 ~ Artemia nauplii fed ad libitum), for instance, may vary between ca 170 and 310 [tg ind -1, i.e. by a factor of up to 1.8. The data from the present study (Experiment A; Table 2 ) are found approximately in the middle of this range. Thus, they may be considered "representative" of larval growth in Hyas araneus, and the regression equations summarized in Table 3 can be used for modelling the partitioning of energy and matter during larval development.
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:.:., 9 : . Dry weight (W) shows a particularly strong increase at the beginning of each moult cycle (Fig. 3) . Since the Organic constituents of W, i.e. C, IV, Hdo not increase as rapidly, their percentage values decrease during the postmoult stages (C and N shown as examples in Fig. 4 ). This recurrent phenomenon indicates an initial phase of rapid uptake of inorganic substances. It is followed during intermoult and premoult by a period of true growth, i.e. accumulation of organic compounds.
The growth patterns differ somewhat between C and N: the former reaches a maximum and then remains rather constant throughout a major part of the moult cycle, whereas the latter reveals a practically continuous increase (Fig. 4) . This difference is reflected also in the C/N ratio. It shows in all larval instars a rapid initial increase, followed by rather constant or steadily decreasing values (Fig. 4) . Since total growth does not cease before late premoult, decreasing C/N ratios during the second half of the moult cycle do not indicate a reduction of C, but rather a proportionally faster accumulation of N during this phase. Figure 4 suggests that the degree of variability is in general greater in lipid than in protein, with particularly high variation in the megalopa instar, According to these patterns, the average level of lipid increases during the zoea I, reaches a maximum in the zoea II, and eventually decreases during megalopa development.
These indirectly measured patterns of variation in proximate biochemical composition during larval development of Hyas araneus are confirmed by direct measurements (Fig. 5) . Lipid, however, was measured only in Experiment B. These values show that H. araneus larvae contain in general much more protein than lipid. Since variation between different hatches in the percentage of protein (Fig. 5) does not correspond to an equal variability in the absolute (per individual) values of this component, lipid should be the main source of variation in the relative (% of W) biochemical composition of larvae from different hatches. Comparatively low percentage protein values in Experiment B (Fig. 5 , middle graph) suggest that both the percentage lipid and the lipid/protein ratio may be normally lower than found in this hatch. As in elemental composition, the hatch used in Experiment A appears to represent average ("typical") figures to be expected in H. araneus larvae.
While there is a continuous increase in the absolute values of both lipid and protein from hatching to the middle of megalopa development, the ultimate larval instar reveals decreasing biomass during the second part of its moult cycle (see above). This decrease is mainly found in the lipid fraction, whereas the amounts of protein per individual remain rather constant during this final period of larval development (Fig. 6) . As a consequence, the lipid/protein ratio shows a conspicuous decrease during this phase (Fig. 5) .
Interrelationships between different measures of biomass
The great amount of data collected during the past decade allows us to quantify some statistical relationships between total dry weight (W) and different chemical compounds that are also used as measures of biomass. When data from complete larval development are pooled, C, PC, and Happear to show linear relationships with W( Fig. 7 ; Cshown as an example). A closer analysis of the data, however, reveals that the non-linear growth patterns during individual moult cycles (see above) complicate that prediction of elemental constituents from I4/. The linear regression given in Figure 7 (upper left graph) therefore yields only a rough estimate, as it assumes an almost constant percentage of C. Actual variation in the percentage of C (Fig. 4) is reflected in exponential regression curves computed separately for each larval instar (Fig. 7) .
C shows highly significant correlations with both N and H (Fig. 8) . The particularly high correlation between C and H shows a rather constant C/H ratio, whereas the C/N ratio may vary considerably, due to variation in the protein content (see above).
C and N are good predictors also of total lipid and protein, respectively (Fig. 9) . In both cases, a non-linear (power function) model gave a better fit between predicted and observed data than a linear model.
DISCUSSION
The present study provides the data base for budgets of energy, carbon, and nitrogen, and it has scrutinized previous results on physiological and biochemical changes during larval development of Hyas araneus,
The uptake of energy and matter (F) had been measured already by Anger & Dietrich (1984) . The present study, however, yielded more reliable data, since more replicate experiments were carried out (20 vs 10), and larval development duration in the experiments was shorter, probably due to better viability of larvae, or slightly improved experimental conditions (the test vials had the same volume but a higher bottom surface : height ratio than in previous experiments). The patterns of variation in the ingestion rate of zoea larvae were in these two studies basically the same: Ffollowed a bell-shaped curve, with a maximum in the middle (zoea I) or in the first part (zoea II) of the moult cycle. The megalopa showed in general a decreasing F during its moult cycle, with a Relationships between carbon (C), nitrogen (N), hydrogen (/-/) in larvae and early juveniles; pooled data from the present and previous studies (see "Material and methods" for references); r, n: as in Figure 7 much clearer tendency in the present study (Fig. 1) . In a comparable investigation on ingestion rates of shore crab {Carcinus maenas) larvae, Dawirs & Dietrich (1986) found also consistently decreasing F values during the moult cycles of late instars (zoea IV, megalopa), whereas earher instars revealed variable patterns modified by temperature. In all of these studies, high individual and moult cycle-related variability was observed in larval feeding rates 9 Hence, the use of single "representative" measurements taken from an unspecified stage of the moult cycle may yield an unrealistic estimate of average Fin a given instar. Such simplistic approach may seriously affect the reliability of bioenergetic comparisons, e.g. between distinct larval instars or species, and thus, the comparability of literature data. Also the present F values are not fully compatible with the rest of the data (respiration, excretion, growth), because they were measured in larvae originating from a different hatch (Experiment B). Since growth ~vas checked in both experiments (A and B) and found to be similar, the combination of these data appears justified.
Respiration rate (R) showed the same patterns of variation during individual moult cycles as observed in previous studies on Hyas araneus and H. coarctatus : linear increase in each zoeal instar, with a ~weaker slope in the zoea II, and a sinusoidal pattern in the megalopa (Fig. 2) . This correspondence of results obtained in independent studies suggests that these patterns might be general in brachyuran or at least majid" larvae, however, too little information from Relationships between carbon (C) and lipid, and between nitrogen (N) and protein in larvae and early juveniles; pooled data from the present and previous studies (see "Material and methods" for references); r, n: as in Figure 7 different taxa is available at present to allow generalizations. Moreover, such patterns may be modified by temperature (Anger, 1987) or other external factors. Weight-specific respiration (QO2) was in all larval instars of H. araneus maximum in early postmoult, followed by constantly low values (Fig. 2) . It decreased, on the average, from the first to the last instar. The same patterns had been found before in Hyas spp. . Sasaki et al. (1986) found a similar variation pattern in Q02 during the moult cycles of larval lobsters (Homarus americanus), but they measured increasing average levels from the first to the last (third) instar. The latter finding is surprising, as there is normally a negative correlation between Q02 and weight (e.g. Zeuthen, 1953) . Dawirs (1983) observed also a positive relationship between QO2 and Win Carcinus rnaenas larvae exposed to high temperature (25 ~ whereas at lower temperatures (12 ~ 18 ~ negative slopes were found.
Nitrogen excretion (U) followed in all larval instars a parabola-shaped pattern, with a maximum in the middle of the moult cycle or somewhat later (Fig. 2) . The same applies to weight-specific excretion rate (U/W). The only comparable data available from other decapod larvae (Sasaki et all, 1986) show an opposite tendency. The average level of U/W measured in Hyas araneus was lower than most values given by other authors (Logan & Epifanio, 1978; Capuzzo & Lancaster, 1979; Johns, 1982; Sasaki et al., 1986) . This difference may have been caused by relatively long incubation time in our experi-ments (15 h vs 3-5 h), as lack of food during this period may reduce excretion compared to that in freshly fed larvae (Capuzzo & Lancaster, 1979) .
The atomic O/N ratio is considered an indicator of the metabohc substrate. The average level is in Hyas araneus larvae (Fig. 2 ) similar to that in larval lobsters (Capuzzo & Lancaster, 1979; Sasaki et al. 1986 ) and crabs (Johns, 1982) , showing a predominantly protein-based metabohsm. As in lobsters, the average O/N showed a shghtly decreasing tendency during larval development, indicating an increasing significance of protein catabohsm in later developmental instars.
The larval growth patterns observed in the three experiments (A-C) of the present study agree well with those in previous investigations on decapod larvae: I-tyas araneus (Anger & Dawirs. 1982; , H. coarctatus , Carcinus maenas (Dawirs. 1983; , Nephrops norvegicus (Anger & Piischel, 1986) , Inachus dorsettensis (Anger, 1988) . The present review of growth data measured in H. araneus larvae shows that there is quite a lot of variabihty between different hatches (Fig. 3) , however, with rather constant patterns of variation during individual larval moult cycles. The great variabihty in the absolute (e.g. ~tg C ind -~) values of different hatches shows again that parallel bioenergetic measurements (e.g. of growth and respiration) should be carried out, if possible, with larvae from the same hatch.
Relative composition (% W) of Hyas araneus larvae varies considerably during individual moult cycles (Figs 4 5). During and after ecdysis, the larvae take up great amounts of water (Anger & Dawirs, 1982) and, thus, inorganic substances. This leads to a conspicuous transient decrease in the percentages of organic constituents (C, N, H, protein, hpid) during the postmoult stages of the moult cycle, although the absolute amounts (in ~tg ind -1) of these constituents increase (Figs 3, 6 ). This increase is initially stronger in C and lipid than in N and protein (Figs 4, 5) . Lipid accumulation takes place mainly in the R-cells of the larval hepatopancreas (Storch & Anger, 1983) . Later in the moult cycle, the larvae accumulate proportionally more protein than hpid. and the C/N ratio decreases. This is caused by epidermal groWth associated with morphogenesis during the premoult stages of the moult cycle (Anger, 1983) . The same patterns were found also in detailed studies by Dawirs (1983) and on Carcinus maenas, and in further investigations on decapod larvae: Hyas coarctatus , Nephrops norvegicus (Anger & Pfischel, 1986) , Inachus dorsettensis (Anger. 1988) . This correspondence suggests that these patterns of biochemical change during individual moult cycles may be general in planktotrophic decapod larvae.
Besides moult cycle-related changes, there are differences in the average biochemical composition of different larval instars (Figs 4, 5 ). There is a clear increase in the percentage of hpid throughout zoeal development, whereas the megalopa reveals an increase only during the first half of its moult cycle, and a decrease in the second half. Protein, m contrast, is accumulated during almost the entire course of larval development. These differences may reflect differences in the ecological "roles" of subsequent larval instars within the life cycle of a crab: the zoeal instars behave like holoplanktonic animals (with the exception of lacking reproduction), accumulating energy and matter and investing it mainly in body growth. The late megalopa, in contrast, undergoes significant behavioural and anatomical changes that eventually lead to settling and metamorphosis. The transition from the pelagic to the benthic environment is accompanied by energy consuming processes such as the search for a suitable habitat and internal reconstruction processes, while feeding activity is simultaneously reduced ( Fig. 1 ; cf. Anger & Dietrich, 1984; Dawirs & Dietrich, 1986) . Apparently, in the premetamorphic phase priority is given to habitat selection over search for food. Energy partitioning then shifts from a quantitative (accumulation) growth strategy to a qualitative strategy: the utilization of reserves for epidermal reconstruction (morphogenesis). Further increasing amounts of protein during the megalopa moult cycle (Fig. 6) show that morphogenesis proceeds in the epidermis, while decreasing lipid figures indicate the use of fat reserves from the hepatopancreas.
It should be expected that the bioenergetic traits of the juvenile crab are similar to those in the zoeal instars: quantitative growth should again have priority over morphogenesis. This assumption, however, remains to be tested in future experiments.
The non-linear relationships between dry weight (W) and other measures of larval biomass (Fig. 7) reflect developmental changes in biochemical composition as discussed above. Further quantitative interrelations between different measures of biomass (Figs 8, 9 ) have now been established on a broad basis of analytical data, and they will in future help to estimate one chemical component from another, when not so many parallel analyses are possible. Comparative studies with a number of further decapod species are being conducted, in order to' allow a wider application of such empirical conversion models. They may become useful for estimates of production of decapod larvae in the planktonic environment (Lindley, 1988) .
Hyas araneus has become a suitable standard model system for the study of physiological and biochemical changes during larval development of a brachyuran that will help to interpret future results obtained from other decapod crustaceans. Besides comparative studies, future work will include to a greater extent the modification of internal (developmental) changes by external (ecological) factors, and laboratory data will have to be compared with those to be obtained in the field.
